We report an extensive first-principles investigation of impurity-induced device-to-device variability of spin-polarized quantum tunneling through Fe/MgO/Fe magnetic tunnel junctions (MTJ). In particular, we calculated the tunnel magnetoresistance ratio (TMR) and the average values and variances of the currents and spin transfer torque (STT) of an interfacially doped Fe/MgO/Fe MTJ. Further, we predicted that N-doped MgO can improve the performance of a doped Fe/MgO/Fe MTJ. Our first-principles calculations of the fluctuations of the on/off currents and STT provide vital information for future predictions of the long-term reliability of spintronic devices, which is imperative for high-volume production.
As circuit design becomes difficult if every device behaves differently, determining the source of this variability, along with its effect and magnitude, is becoming an increasingly important problem in nanoelectronic device physics. For example, a 10 nm device channel is only approximately 100 atoms long, even a single impurity or misplaced atom induces large property fluctuations, because such an impurity/atom yields 1% disorder per structure width. In traditional complementary metal-oxide semiconductors (CMOS), device-to-device variability appears in many transport properties, including the conductance, the on and off currents, the threshold voltage, and the subthreshold swing.
While this variability is severe for traditional CMOS, it is expected to be even more problematic for spintronic devices, such as magnetic tunnel junctions (MTJs), which are the basic device elements of magnetic random access memory (MRAM). 6 There are several factors behind this expectation. First, the device physics of MTJs and MRAM is based on quantum tunneling of spin-polarized charges through very thin barriers, i.e., as thin as five layers of an insulator such as MgO. [7] [8] [9] Clearly, for such thin layers, a misplaced atom or impurity will induce considerable disorder. As MTJs necessarily incorporate different materials, such as the insulating oxide barriers and magnetic metal contacts, it is difficult to a) Electronic mail: yinwang@hku.hk b) Electronic mail: yanzhou@hku.hk construct an MTJ that is completely disorder-free, because of the mismatching at the material interfaces. Second, an important device merit of an MTJ is the tunnel magnetoresistance ratio (TMR), which has a sensitive dependence on the degree of spin polarization of the tunnel current. It has been shown that a small degree of interface disorder can be extremely detrimental to the TMR value. 10 Third, the existence of magnetic impurities can severely affect the spin coherence, which is crucial for spintronics phenomena, and this effect also induces variability in the spin coherent transport. Given the importance of MTJ structures for many potential applications, such as MRAMs, ultra-sensitive magnetic field sensors, and spin torque nano-oscillators, 6, [11] [12] [13] it is important to develop an understanding of the disorder-limited device-todevice variability of MTJs, which is the target of this work.
In particular, we report an extensive first-principles investigation of the impurity-limited device-to-device variability of spin-polarized quantum tunneling through an Fe/MgO/Fe MTJ. This system is chosen because it has the largest TMR among all MTJs investigated in the literature, and because of its widespread use in practical device applications. Our calculation is based on a recently developed first-principles approach (see below). We focus on both the average values and, more importantly, the variances of the TMR and spin transfer torque (STT) device properties. For the disorder, we focus on interfacial impurities. The predicted fluctuations in the TMR and STT provide quantitatively vital information regarding the variability magnitude versus the disorder strength, which is important in practical applications for which high-volume MTJ production is required.
Method. Calculating the device-to-device variability from atomistic first-principles is, in fact, a very challenging problem.
14 Typically, brute-force calculation of many disorder configurations for a given impurity concentration x is required before the variance of a particular physical quantity can be obtained through statistical averaging. For quantum coherent transport, which is non-self-averaging, the disorder configuration ensemble can be very large. Furthermore, for the fully self-consistent atomistic modeling conducted in this work, such brute-force calculation is extremely inefficient, if not impossible, to perform from a computational perspective. Therefore, in this work, we adopt a recently developed non-equilibrium coherent potential approximation (NECPA) theory, 15 which analytically performs the statistical configuration averaging that yields set expressions for the averaged transmission coefficient T and the average of its square, in terms of various nonequilibrium Green's functions (NEGF). Using these expressions, 15, 16 first-principles numerical calculation needs to be done just once in order to obtain the desired transport variability.
Very briefly, our calculation proceeds as follows. The charge current I is calculated from the transmission coefficient T (e = = 1), using
where E is the electron energy and f L (E) and f R (E) are the Fermi functions of the left and right electrodes, respectively. The transmission coefficient T is determined by the Green's functions, such that
where G r,a are the retarded and advanced Green's functions of the device scattering region, respectively, and Γ L,R are the line-width functions of the left and right electrodes, respectively. In the presence of disorder, the G r,a depend on the particular disorder configuration; hence, T (E) also depends on this configuration. As a result, ensemble averaging of the physical quantity is required. We use · · · to denote the ensemble average of the disorder configurations and, thus, the averaged current is expressed as
while the current fluctuation is (4) with the transmission fluctuation being
Note that δT measures the transport variability due to the disorder randomness; this is the central quantity of this work. Calculating δT requires T (E) and T 2 (E) . From Eq. (2), determining T requires evaluation of the correlation of two Green's functions G · G ; however, the calculation of T 2 (E) necessitates the evaluation of the correlation of four Green's functions, i.e., G · G · G · G . In Ref. 16 , these correlations are derived based on the NECPA theory, 15 in terms of the averaged single-particle Green's functions and various vertex correction terms. 18 In realistic devices, considerable effort is devoted to control the disorder concentration x to be very small (e.g., 1% or less); thus, a low-concentration approximation is further derived in Ref. 16 so as to simplify the expressions of the correlation functions G · G and G · G · G · G , namely to express δT to the first order in the disorder concentration x. These theoretical derivations are quite tedious and will not be reproduced here. Instead, we refer interested readers to the original works 15, 16, 20 for the relevant derivations.
In our numerical calculations, we use the quantum transport package Nanodsim, 15, 19, 20 which implements various levels of the NECPA theory, including the low-concentration approximation of δT . In this method, density functional theory (DFT) is carried out within the NEGF, such that the Hamiltonian of the open device structure is calculated self-consistently without phenomenological parameters. 21 The disorder scattering and impurity-limited device-to-device variability are treated at the level of local concentration approximation of the NECPA, which has been shown to yield very accurate results 16 for the concentrations considered herein.
Device model and physical quantities. Without loss of generality, we consider the most popular MTJ, which is comprised of Fe/MgO/Fe(001). Ref. 13 has elegantly explained the microscopic physics of the operation of an ideal, disorderfree Fe/MgO/Fe junction. That is, by symmetry the minorityspin d-states having transverse momentum k = (0, 0) in Fe are filtered by MgO, because they cannot couple to the slowly decaying MgO ∆ 1 band at k = (0, 0). In addition, the majority-spin channel in the left Fe cannot tunnel through the junction when the right Fe is in the antiparallel state. The overall result is a very small current for the antiparallel state and a large spin-polarized current for the parallel state, inducing an extremely large TMR in the device. Clearly, the physics of this microscopic device is affected significantly by the occurrence of disorder; for example, Ref. 10 has shown that a small number of interfacial O vacancies diminishes the TMR value considerably. In the remainder of this paper, we investigate the device-to-device variability resulting from such disorder effects, as quantified by δT . Fig. 1 illustrates the atomic structure of an Fe/MgO/Fe(001) MTJ, which is a two-probe transport junction. The MTJ consists of an atomically thin insulating barrier (MgO) sandwiched between two ferromagnetic leads (Fe). The magnetic moments of the two leads can be in a parallel (PC) or antiparallel (APC) configuration. The impurities located near the Fe/MgO interfaces contribute significantly to the variability. Thus, we model these interfacial impurities by introducing an impurity-atom concentration (again represented by x) in the MgO barrier near the Fe/MgO interfaces; these impurities include O vacancies on the O sites or N (Al) impurity atoms on the O (Mg) sites.
The TMR of the MTJ is defined by both the on-state current through the PC (I ↑↑ ) and the off-state current through the APC (I ↑↓ ), as the T M R = (I ↑↑ − I ↑↓ )/I ↑↓ . A large TMR value indicates that the on-and off-state currents are well separated, i.e., I ↑↑ ≫ I ↑↓ . Another important quantity is the STT. 12, 22 Note that a larger STT for a given input current density implies higher-efficiency switching between the PC and APC as a result of the spin-polarized current. Using I if magnetic impurities are present in the tunnel barrier to induce spin-flip scattering. However, in this work, since we investigate non-magnetic impurities and furthermore we neglect the very small magnetic proximity effect on the impurity sites -note that the impurity concentration x is very small,
The NEGF-DFT calculations are performed within the linear muffin-tin orbital (LMTO) scheme and the atomic sphere approximation (ASA) framework, 25 implemented in the Nanodsim quantum transport package. 15, 19, 20 A 40 × 40 k-mesh was used to sample the transverse Brillouin zone during the self-consistency in order to converge the density matrix, and a 400 × 400 k-mesh was used to calculate the spin-resolved transmission coefficients T and their fluctuations δT , as described above. The MTJ atomic structure was relaxed using the DFT total energy method, following the standard approach described in the literature. tions x of O vacancies at both Fe/MgO interfaces. The TMR values decrease dramatically for both devices with increasing x, which is in agreement with previous calculations. 10 Note that, for O-vacancy x = 1%, the TMR values of both MTJs remain high (approximately 1500%), indicating that the on-and off-state are well separated and the digital system can function.
Figs. 3(a) and (b) show the average values and variance of the on-and off-state currents for MTJs with 5 and 11 MgO layers, respectively. With increasing x, the current fluctuation increases dramatically. For x = 1%, the variability value is comparable to the average current value. Larger fluctuation of the on-and off-state currents induces ambiguity in the two states, although the "average TMR" value remains large [Fig. 2] . Note that our fluctuation calculations provide a quantitative description of the half-width of the current distribution; therefore, the negative values presented for the off-state current fluctuations do not indicate negative current values.
Figs. 3(c) and (d) show the transverse STT and its fluctuation for MTJs having 5 and 11 MgO layers. For the entire calculated doping-concentration range, 0 < x < 1%, the average STT values remain almost unchanged, since the spinup on-state current dominates the STT value. However, with increasing x, the STT fluctuations increase dramatically and become comparable to the average value at x = 1%.
System TMR(%) Ton T of f ST T δTon δT of f δST T Clean 7466.6
1.24e-6 1.64e-8 -1.24e-6 0 0 0 Vac 2458.0 1.40e-6 5.46e-8 -1.40e-6 4.96e-7 2.10e-7 5.38e-7 Al 4687.1 1.68e-6 3.52e-8 -1.68e-6 6.80e-7 3.00e-8 6.80e-7 N 7662.0 1.01e-6 1.30e-8 -1.01e-6 7.49e-9 7.81e-10 7.53e-9 Having known that the O vacancies at the anion sites will lead toinduce considerable fluctuation of the currents and STT values, we also investigated the doping effects at the cation sites. Considering the fact that Al 2 O 3 is a widely used barrier material for MTJs, Al atoms at x = 0.5% were used to replace the Mg atoms at both interfaces for an MTJ with 11 MgO layers. The calculated results are listed in TABLE I. It is apparent that, although the TMR value of the Al-doped MTJ (4867.1%) is significantly higher than that of the vacancy-doped MTJ (2458.0%), the fluctuation values of both systems have almost the same order of magnitude (10 −7 ). The filling of O vacancies with N at the anion sites can maintain a high TMR for an Fe/MgO/Fe MTJ; 10, 26 thus, it is worth investigating whether the presence of N-doped MgO at the anion sites will reduce the current fluctuation values. We performed calculations with x = 0.5% interfacially doped N. Again, the results are listed in TABLE I. The fluctuation values of both currents and STT are reduced by two or three orders compared to the MTJ with O vacancies, indicating that N impurities are beneficial to the Fe/MgO/Fe MTJ device performance. These results are reasonable, because N has a similar electron configuration and atomic radius to O, and reduces the disorder scattering at the interfaces.
In summary, we used the LMTO-NEGF-DFT approach to predict the device-to-device variability of an Fe/MgO/Fe(001) MTJ with different doping concentrations and dopants. Various quantities related to the device-to-device variability were studied, including the on-and off-state currents, the STT, and the TMR. The results of these calculations show that, although the TMR values remain at a reasonably high value, the impurity-induced device-to-device variability can strongly affect the device performance. In particular, we demonstrated that N-doped MgO can improve the performance of an Fe/MgO/Fe MTJ compared to the same MTJ with vacancies at the interfaces. Our LMTO-NEGF-DFT approach for predicting the device-to-device variability will provide vital information for device physics and engineering in future research.
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